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Abstract Cobalt ferrite magnetic nanoparticles with mean sizes of 25 nm were used as a catalyst for
the oxidation of various alkenes in the presence of tert- butylhydroperoxide (t-BuOOH). This study has
demonstrated that CoFe2O4 nanoparticles can act as an efficient catalyst for the conversion of alkenes to
the related aldehydes or epoxides, with almost quantitative yields. The catalyst can be readily isolated by
using an external magnet and no obvious loss of activity was observed when the catalyst was reused in
five consecutive runs. The effects of some parameters, such as temperature, types of oxidant and solvents,
on the oxidation reactions were also investigated. The results showed that when CoFe2O4 is used with
t-BuOOH as oxidant for the oxidation of some alkenes, better results are obtained compared to most of
the studied similar ferrites.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
The use of nanoparticles as catalysts in organic transfor-
mations has attracted considerable interest in recent years.
Although using a catalyst in nanometer dimensions may
achieve a substantial enhancement in its catalytic activity, the
important challenge for green chemistry is the innovation of
new technologies for catalyst separation and recycling to re-
place conventional procedures. In this context, much atten-
tion has been paid to the utilization of magnetic metal oxides
nanoparticles as heterogeneous and easily recycled catalysts for
various organic reactions [1–3].
Spinel ferrites, with the general formula of MFe2O4, where
M is a divalent cation, offer more interesting catalytic activ-
ities compared to the corresponding single component metal
oxides [4–10]. Spinel ferrite nanocrystals are regarded as one
of themost important inorganic nanomaterials because of their
electronic, optical, electrical, magnetic and catalytic properties,
all of which are different from their bulk counterparts. These
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crostructural characteristics, where the particle size and shape
might be controlled in the fabrication processes [11,12].
Both Fe3O4 and γ -Fe2O3 have been used as catalysts, but
compared to CoFe2O4, show some drawbacks. Fe3O4 could
be easily prepared and has been efficiently utilized in many
organic reactions [13–16], but it is fairly reactive to acidic and
oxidative environments [17]; γ -Fe2O3 is also not thermally
stable [18]. On the contrary, CoFe2O4 nanoparticles have a
remarkable chemical stability and have been used in various
fields [19,20]. However, only a few efforts have been devoted
to its catalytic activity in organic reactions. Senapati et al.
used a CoFe2O4 nanocatalyst (40–50 nm) as an efficient
catalyst for a Knoevenagel condensation reaction of several
aldehydes with ethylcyanoacetate. They could recover the
catalyst from the reaction mixture with the aid of an external
magnet [21]. Aerobic oxidation of cyclohexane to cyclohexanol
or cyclohexanon was also reported to be catalyzed by magnetic
CoFe2O4 nanocrystals in solvent free conditions [22]. In another
report, the decomposition of methanol to H2 and CO was
studied by Manova et al. using nanosized iron and iron–cobalt
spinel oxides as catalysts [23].
Cobalt ferrite nanoparticles have been synthesized by a
number of methods, including microemulsion [24], sol–gel
techniques [25], hydrothermal synthesis [26], solvothermal
[27], co-precipitation [28], electrochemical [29], and combus-
tion methods [30]. Among these methods, co-precipitation is
evier B.V. Open access under CC BY-NC-ND license.
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this method to prepare cobalt ferrite nanoparticles with mean
size of 25 nm. The synthesized cobalt ferrite nanoparticles were
successfully used as heterogeneous and magnetically recover-
able catalysts for oxidation of some alkenes in the presence of
t-BuOOH as oxidant.
2. Experimental
2.1. General
All materials were commercial reagent grade and obtained
from Merck and Fluka. X-ray diffraction (XRD) patterns of the
samples were taken with a Philips X-ray diffractometer (Model
PW1840) over a 2θ range from 10° to 70° using Cu Kα radia-
tion (λ = 1.54056 A°). The morphology and size of the parti-
cleswere examined by transmission electronmicroscopy (TEM)
using a Philips CM10-HT 100 KV microscope. Magnetic prop-
erties of cobalt ferrite nanocrystals were studied using a Vi-
brating Sample Magnetometer (VSM) from Meghnatis Daghigh
Kavir Company. GC analysis was performed with a Shimadzu
GC-16A instrument using a 2 m column packed with silicon
DC-200 or Carbowax 20m.NMR spectrawere recorded in CDCl3
on a Bruker advanced DPX 400MHz spectrometer using TMS as
internal standard. IR spectra were recorded as KBr pellets on a
BOMEMMB-Series 1998 FT-IR spectrometer.
2.2. Catalytic studies
Cobalt ferrite was synthesized by a co-precipitation method
according to the method reported by Maaz et al. [28]. The
catalytic oxidation reactions of alkenes were carried out in
a 25 mL flask equipped with a magnetic stirrer and a reflux
condenser. In a typical run, the reaction vessel was charged
with: cobalt ferrite catalyst (40 mg), 1, 2-dichloroethane (5
ml), substrate (1 mmol), t-BuOOH (3 mmol). The reaction
mixture was heated in an oil bath at 70 °C and its progress
was monitored by GC. At the end of the reaction, CH2Cl2 was
added to dilute the reaction mixture and the liquid phase was
simply decanted bymeans of an external magnet. The decanted
solution was purified on a silica–gel plate to obtain the pure
product. The identities of the products were confirmed by FT-IR
and 1H NMR spectral data.
3. Results and discussion
3.1. Characterization of cobalt ferrite
The X-ray diffraction pattern of the as-prepared cobalt
ferrite nanoparticles (Figure 1) shows the expected peaks
for the pure inverse spinel structure of CoFe2O4 (JCPDS PDF
#221086). The crystallite size of the sample is about 26 nm, as
determined by the XRD line-broadening technique.
The TEM image of the prepared CoFe2O4, presented in
Figure 2, consists of relatively small, nearly spherical particles,
with an average size of 25 nm, which is nicely consistent with
the value obtained from XRD measurements.
Magnetic measurements of the prepared CoFe2O4 were car-
ried out at room temperature using vibrating sample magne-
tometer (VSM) with a peak field of 10 kOe and its hysteresis
loop was obtained (see Figure 3). The saturation magnetiza-
tion (MS), remnant magnetization (Mr) and coercivity (HC ) of
CoFe2O4 nanoparticles are 59.42 emu/g, 24.86 emu/g and 0.78
kOe, respectively. All these values are slightly lower than those
values obtained by Maaz et al. for CoFe2O4 [25].Figure 1: XRD pattern of CoFe2O4 nanoparticles.
Figure 2: TEM image of CoFe2O4 nanoparticles.
Figure 3: Hysteresis loop of CoFe2O4 nanoparticles.
3.2. Oxidation of alkenes
In order to find the optimized conditions, styrene was
examined as a model substrate using t-BuOOH as oxidant in
the presence of catalytic amounts of cobalt ferrite. Different
solvents, such as chloroform, 1, 2-dichloroethane, acetonitrile,
methanol and amixture ofmethanol /1, 2-dichloroethane (1:1),
were examined for the oxidation of styrene by t-BuOOH. Among
the studied solvents, 1, 2-dichloroethane was found to be the
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Solvent Styrene
conversion
(%)b
Selectivity of
benzaldehyde
(%)
Acetonitrile 10 88
Chloroform 65 55
1,2-dichloroethane 70 85
Methanol 45 53
1,2-dichloroethane/methanol (1:1) 55 68
a Reaction conditions: alkene (1 mmol), t-BuOOH (3 mmol), catalyst
(40 mg), solvent (5 ml), t = 12 h, T = 70 °C.
b GC yields based on starting alkenes.
Figure 4: Effect of reaction time on (a) styrene conversion and (b) product
selectivity over CoFe2O4 catalyst.
best one, which gave a maximum styrene conversion. Table 1
presents the effect of solvent medium on styrene oxidation and
product selectivity.
Beside t-BuOOH, other oxidants, such as H2O2 and H2O2/
Urea (UHP), were also investigated in the oxidation of styrene
and the results showed that t-BuOOH is the best source of
oxygen. Although hydrogen peroxide is considered superior
to t-BuOOH as green oxidant, we could not use this oxidant
because it is rapidly decomposed in the presence of cobalt
ferrite catalyst [32]. The best conversion, as well as selectivity,
was obtained for styrene: t-BuOOH molar ratio of 1:3. The
reaction temperature was set at 70 °C, since the observed
conversion of styrene at room temperature was rather low,
but increases with an increase in temperature and reaches to
70% at 70 °C. Under these reaction conditions, the influence of
reaction time on the styrene conversion and product selectivity
was also studied. The reaction was carried out by varying the
time from 2 to 16 h and the results are shown in Figure 4. It
was found that at 2 h the conversion of styrene is about 10
mol% with 80 mol% yields of benzaldehyde. As the reaction
time increases to 6 h, styrene conversion increased to 45 mol%
with 80 mol% selectivity of benzaldehyde. At 12 h, styrene
conversion increases up to 70 mol%, while the selectivity of
benzaldehyde is 85 mol%. If the same reaction was run for 18
h, marginal increment is observed in styrene conversion and
product selectivity. Therefore, the time of 12 h was selected
as an optimized reaction time for this reaction. The optimized
reaction time for the oxidation of other alkenes is given in
Table 2.
Interestingly, only very low styrene conversion was ob-
tained when the reaction was carried out in the absence of aScheme 1: Oxidation of alkenes using CoFe2O4 catalyst.
catalyst, keeping the other conditions constant. Therefore, the
presence of CoFe2O4 nanoparticles as a catalyst is crucial for this
oxidation reaction to end with high product yield. The general
oxidation process of alkenes is shown in Scheme 1.
Under the optimized conditions that were obtained for the
oxidation of styrene, some alkenes such as a-methylstyrene,
4-methoxystyrene, 4-nitrostyrene, cyclohexene and 1-heptene
were oxidized. The results are shown in Table 2. With styrene
and its derivatives, the major products were the correspond-
ing carbonyl compounds with high yield and selectivity.
Oxidation of cyclohexene gave an allylic oxidation product,
2-cyclohexene-1-one,with 75% yield. It isworthwhilemention-
ing that the non-activated terminal olefins such as 1-octene
could be transformed into the corresponding epoxides with
good yield and high selectivity.
Although no clear mechanism can be given for these reac-
tions, the explanation presented by Pardeshi and Pawar might
be applicable to our catalysis system [33]. They proposed that
the Fe3+ cation from the octahedral sites of the catalyst react
with the peroxide molecule to formmetal-oxyradical (Fe4+–O)
as an initiation step. This iron peroxo species, which are formed
on the surface of the catalyst, will then oxidize the alkene sub-
strates present in the reaction. Furthermore, compared to linear
alkenes, higher yields of carbonyl compounds are obtained for
styrene and its derivatives. This is possibly due to further oxi-
dation of epoxide species which are formed in the first step of
the reaction. Apparently, in these cases, the conjugation of the
aromatic ring with the carbonyl group stabilizes the carbonyl
products.
In order to show the merit of CoFe2O4 in comparison with
other similar ferrites used as catalysts for oxidation of styrene,
we have tabulated some of the reported results in Table 3.
Cobalt ferrite decomposes hydrogen peroxide violently and
could not be used as a catalyst for oxidation of alkenes in the
presence of this oxidant. However, when CoFe2O4 is used with
t-BuOOH as an oxidant for oxidation of some alkenes, better
results were obtained compared to most of the studied similar
ferrites.
The efficiency of the used cobalt ferrite nanoparticles in this
oxidation reaction can be attributed to the high dispersity and
large surface area of the catalyst providing more active sites
for catalytic reaction. The Fe3+ ions, which are located in the
octahedral sites of this ferrite, can be assumed to be the active
sites of the catalyst.
The remarkable features of this catalytic system are that
CoFe2O4 is stable and can be readily isolated from the reaction
mixture by means of an external magnet. These features make
cobalt ferrite an environmentally acceptable catalyst for some
organic transformations.
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Entry Alkenes Product Conversion (%)b Selectivity (%) Time (h)
1 70 85 12
2 85 90 8
3 82 85 12
4 85 80 12
5 75 90 12
6 50 95 18
a Reaction conditions: alkene (1 mmol), t-BuOOH (3 mmol), catalyst (40 mg), 1,2-dichloroethane (5 ml), T = 70 °C.
b GC yields based on starting alkenes.Table 3: Comparison of the oxidation of styrene catalyzed by CoFe2O4 with other similar catalysts recently used for this reaction.
Entry Catalyst Oxidant Time (h) Styrene conversion (%) Selectivity of benzaldehyde (%) Reference
1 CaFe2O4 H2O2 18 38 91 [33]
2 ZnFe2O4 H2O2 12 26.1 50.4 [34]
3 Fe3O4 H2O2 12 36.5 68.4 [34]
4 NiFe2O4 H2O2 12 31.4 55.6 [34]
5 SrFe2O4 H2O2 18 51 63.7 [35]
6 NiFe0.4Gd1.6O4 H2O2 6 55.8 100 [36]
7 Mg0.4Fe2.6O4 H2O2 12 32 63.2 [37]
8 Fe2O3 H2O2 5 19 100 [38]
9 CoFe2O4 t-BuOOH 12 70 85 This workFigure 5: Catalyst recycling experiments for styrene oxidation.
3.3. Catalyst recycling
Catalyst reusability is of major importance in heterogeneous
catalysis. The recovery and reusability of the catalyst were
studied using styrene as themodel substrate. Catalyst recycling
experiments were achieved by fixing the catalyst magnetically
at the bottom of the flask, and the solution was decanted after
each run. The left solid was washed with 1, 2-dichloroethane
twice, and fresh substrate dissolved in 1, 2-dichloroethane is
introduced into the flask allowing the system to proceed for
next run. The catalyst was consecutively reused five times
without anynoticeable loss of its catalytic activity (see Figure 5).
The FT-IR and XRD spectrums of the recovered catalyst showed
no significant change after using the catalyst for five times.
These results confirm that the nanocrystalline CoFe2O4 spinel
has good stability and recyclable applicability for the oxidation
of alkenes with t-BuOOH in 1, 2-dichloroethane solvent.4. Conclusions
Cobalt ferrite magnetic nanoparticles with mean sizes of 25
nm were used as an efficient catalyst for selective oxidation
of various alkenes in 1, 2-dichloroethane as a solvent, and
in the presence of t-BuOOH as an oxidizing agent, under
optimized conditions. It seemed that this heterogeneously
catalysis system proceeds by coordination of t-BuOOH to
the metal (Fe3+ cations) on the surface of the catalyst. The
separation of the catalyst from the reaction media was easily
achieved with the aid of an external magnet, and the catalyst
can be reused several times with no loss of activity.
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